Uptake of manganese by Brevibacterium ammoniagenes ATCC 6872 was energy dependent and obeyed saturation kinetics (Km = 0.65 ,IM; V,. = 0.12 ,imol/min per g [dry weight]). Uptake showed optima at 27C and pH 9.5. 54Mn2+ accumulated by the cells was released by treatment with toluene or by exchange for unlabeled manganese ions, via an energy-dependent process. Co2+, Fe2 , Cd2 , and Zn2+ inhibited manganese uptake. Inhibition by Cd2+ and Zn2+ was competitive (Ki = 0.15 ,uM Cd2' and 1.2 ,IM Zn2+). Experiments with 65Zn2+ provided no evidence for Zn2+ uptake via the Mn2+ transport system.
in Lactobacillus plantarum (1) . Manganese can be taken up either as a low-affinity substrate of the Mg2+ transport system or via a specific Mn2+ transport system with high affinity (14) . In this report, the term manganese transport designates uptake via the Mn2+-specific system. Manganese transport systems have been described in a variety of bacteria, including E. coli, Rhodopseudomonas capsulata, Staphylococcus aureus, L. plantarum, Bacillus subtilis, Bacillus cereus, and Bacillus brevis (1, 4, 7, 14) . In all these organisms, either a growth requirement for the metal cannot be demonstrated or else the molecular basis for their manganese requirement is not entirely clear.
Brevibacterium ammoniagenes clearly requires manganese for growth. Depletion of the metal leads to selective inhibition of DNA synthesis and induces unbalanced filamentous growth similar to the "thymineless death" phenomenon in E. coli (3) . Manganese dependence of the ribonucleotide reductase (EC 1.17.4), which is central to the synthesis of deoxyribonucleotides (10) , was shown to be the molecular basis for the manganese requirement in B. ammoniagenes (2, 6, 11; J. Schmid, Ph.D. thesis, Universitat Hannover, Hanover, Federal Republic of Germany, 1985) . Because of the well-documented requirement of B. ammoniagenes for manganese and the extensive knowledge concerning its molecular basis, it was of interest to characterize manganese uptake by this organism.
B. ammoniagenes ATCC 6872 was grown at 27°C in dilute tryptone broth (12) . Overnight cultures were diluted 6-to 11-fold with fresh medium and incubated on a gyrotory incubator shaker (New Brunswick Scientific Co., Inc., Edison, N.J.) at 230 rpm. When a cell density of 2.06 x 108 cells per ml was reached, 54Mn2+ (0.4 to 3.7 kBq/ml) or 65Zn2+ (6 to 37 kBq/ml) (Amersham Buchler GmbH & Co., Braunschweig, Federal Republic of Germany) was added to the mid-log-phase cells. Samples (1 ml) were filtered on membrane filters (0.2-,um pore size), rinsed twice with 5 ml * Corresponding author. Manganese uptake by B. ammoniagenes is an energydependent process that may be affected by inhibitors of energy metabolism. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) (0.5 mM) inhibited uptake by 96%, 2,4-dinitrophenol (0.5 mM) inhibited uptake by 50%, and cyanide (1 mM) inhibited uptake by only 15%. Because proton conductors strongly inhibit the manganese transport system of B. ammoniagenes, it may be driven by the electrochemical potential of protons, as is also thought to be true for the manganese transport system of E. coli (13) and L. plantarum (1) .
Acquisition of manganese by B. ammoniagenes is very efficient. Assuming a cell water content of 3 mlg (dry weight) (Schmid, Ph.D. thesis) and taking into account only that part of the manganese that is readily exchangeable (see below), the internal manganese concentration reaches approximately 0.2 mM when the external manganese concentration is 50 nM, i.e., a concentration gradient of 4,000:1.
Manganese uptake by B. ammoniagenes occurs over a wide range of temperature and pH (Fig. 1) . The optimal pH for manganese uptake was 9.5. However, the shape of the curve suggested a second optimum around pH 7.5. We assume from growth experiments that the optimum at pH 9.5 is caused by maximal metabolic activity of the cells, whereas a pH around 7.5 is optimal for the function of the Mn2+ carrier molecule.
Accumulation of manganese obeyed saturation kinetics. Lineweaver-Burk plots of initial uptake at pH 7.2, the pH of tryptone broth, were Temperature and pH dependence of Mn2+ uptake. Cells were exposed to 50 nM 54Mn2+, and uptake was assessed after 10 min. Cells were preincubated at assay temperature for 5 min and at assay pH for 20 min. All pH trials (*) were done at 27°C, and all temperature trials (0) were done at pH 7.2. Background counts were determined under all conditions and subtracted from the radioactivity in cell samples.
,umoUmin per g [dry weight]) (n = 3). We note that these assays were not done at the optimal pH for Mn2+ uptake and, as growth experiments showed, not under conditions where growth was limited by manganese. 54Mn2+ accumulated by B. ammoniagenes could be released rapidly and in the absence of visible lysis by addition of 1% toluene or by the addition of nonradioactive manganese (10 p,M) (Fig. 2) . The bulk of the accumulated manganese thus appears to exist in a relatively free state within the cells. The addition of the proton-conducting ionophore CCCP did not, in itself, lead to a significant loss of manganese from the cells, but it did inhibit the exchange of internal radioactive manganese for nonradioactive external manganese (Fig. 2) .
To determine the specificity of the Mn2+ transport system, a variety of divalent cations was added. Mn2+ uptake was unaffected by a 20,000-fold excess of Mg2+, proving that the uptake of 54Mn2+ observed in this study was not caused by the activity of the Mg2' transport system. When added at 1 or 2 ,M, Co2+, Fe2+, Zn2+, and Cd2+, but not Ni2+ or Cu2+, inhibited uptake (data not shown). The inhibition of uptake The characteristics of the manganese transport system of B. ammoniagenes are comparable to those described for other procaryotes, except for its competitive inhibition by Zn2+. Our failure to demonstrate active zinc uptake may be caused by the low zinc requirements of bacteria (5) , by the relatively high Zn2+ concentration of the tryptone broth, and possibly by an extremely high affinity of the transport system for zinc (14) .
